The cytochromes P450 (P450s) are a superfamily of heme-containing monooxygenases that perform diverse catalytic roles in many species, including bacteria. The P450 superfamily is widely known for the hydroxylation of unactivated C-H bonds, but the diversity of reactions that P450s can perform vastly exceeds this undoubtedly impressive chemical transformation. Within bacteria, P450s play important roles in many biosynthetic and biodegradative processes that span a wide range of secondary metabolite pathways and present diverse chemical transformations. In this review, we aim to provide an overview of the range of chemical transformations that P450 enzymes can catalyse within bacterial secondary metabolism, with the intention to provide an important resource to aid in understanding of the potential roles of P450 enzymes within newly identified bacterial biosynthetic pathways.
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Introduction to P450s
The cytochromes P450 (P450s) are a superfamily of hemecontaining monooxygenases that play diverse catalytic roles in nature, both in terms of the substrates that they accept and the array of reactions that they catalyse.
1 P450 enzymes are easily identied by bioinformatic, structural or spectroscopic approaches due to the remarkable conservation of structure and catalytic mechanism that is found across the P450 superfamily, in spite of the low sequence identity that can exist between P450s. 2, 3 In order to attempt the classication of P450s based on sequence conservation, the concept of families and subfamilies within P450s has been implemented, which leads to the official CYP nomenclature (families and subfamilies must share 40% and 55% sequence identity respectively). 4 Whilst relatively successful in higher eukaryotes, this approach has limited utility in bacterial systems, where substrate selectivity and catalytic function can vary widely within P450 families -classic examples of P450 families that encompass members displaying highly diverse functions include the CYP105, CYP107 and CYP109 families. 2, 3, 5, 6 Thus, care must be taken in assigning P450 functions in bacteria based purely on sequence conservation data, unless the level of conservation is very high (>55-65%).
2,3
Bacterial P450s are almost exclusively cytosolic proteins, which is a further signicant difference to P450s in eukaryotic systems; none the less, bacterial P450s with high pI values can still associate with membranes even if there is no specic membrane anchoring element. 7 The structure of P450s is remarkably conserved, containing mostly a-helical secondary structure (standard helices are labelled A-L) supplemented by one b-sheet region (Fig. 1) . 7 The core of a P450 is formed by a four-helix bundle comprising the D, E, I and L-helices, with the prosthetic heme moiety at the centre of the P450 active site sandwiched between the I-and L-helices. 7 The I-helix, which runs across the top face of the heme moiety contains the AG studied Biology with focus on Microbiology/Biotechnology at the University of Tübingen and obtained her Ph.D. degree in Pharmaceutical Biology and Biotechnology from the University of Freiburg, Germany in 2016. Her doctoral research investigated the studies of different Actinomycetes strains for their ability to produce various secondary metabolites. Since January 2017, she has been working as a postdoctoral fellow in the Cryle group, where her interests lie in P450 monooxygenases and other enzymes involved in the biosynthesis of the glycopeptide antibiotics.
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typically conserved acid/alcohol pair usually important for the P450 active cycle (vide infra), 7 whilst the loop just prior to the start of the L-helix contains the cysteine residue that provides the crucial proximal axial thiolate ligand for the heme iron of the P450. 7 The proximal face of a P450 is also the site where interactions with redox partner proteins occur, with these processes largely appearing to be driven by electrostatic interactions. 8 The active site of P450s comprises regions that surround the distal face of the heme moiety, and include the so-called BC loop region between the B-and C-helices, the C-terminal region of the F-helix, the N-terminal portion of the G-helix, the centre of the I-helix, the b-strand following the K-helix and the C-terminal loop that impinges of the P450 active site (such regions are also referred to as substrate recognition sites, SRSs 1-6). 9 Variability within these regions leads to the ability of P450s to accept a wide range of different substrates (even those that are protein bound), whilst the retention of the general structure surrounding the active site heme group and axial cysteine ligand support the remarkable consistency of the P450 catalytic mechanism. 
Chemistry of P450 enzymes
Whilst xenobiotic metabolism in higher eukaryotes highlights the remarkable ability that P450s can exhibit for substrate plasticity, it is in the realm of bacterial P450s -particularly biosynthetic ones -where the truly remarkable range of chemical transformations that P450s are able to mediate is revealed. Furthermore, this is coupled with a remarkable range of different, complex substrates that highlights the amazing potential of these potent biocatalysts. Whilst the archetypal P450-catalysed transformation, hydroxylation of unactivated C-H bonds remains the trademark P450-catalysed reaction, the reported range of chemical reactions able to be performed by P450s is ever increasing, and many examples of these are found in bacterial biosynthetic pathways: such reactions range from aromatic hydroxylation, alkene epoxidation and heteroatom oxidation to processes such as aromatic coupling and multistep transformations. 12, 13 One of the most impressive properties of P450s is that these reactions are all performed within a conserved active cycle (Fig. 2) . 7, 14 In this process, a carefully choreographed delivery of two electrons and two protons to molecular oxygen is performed by the P450, whilst the oxidative power of a P450 stems from a highly reactive intermediate generated, known as compound I (Cpd I). 15 This highly electrophilic oxidant, which has been identied as an iron-(IV) porphyrin cation radical, is responsible for the vast majority of the oxidation chemistry displayed by P450s. The oxidative power of the compound I intermediate relies on a thiolate ligand for the heme iron in the P450 active site, which in turn requires P450s to be able to maintain this deprotonated thiolate group in spite of the elevated pK a of this moiety. 7 In order to generate compound I, the P450 catalytic cycle begins with the displacement of the resting water (or hydroxide ion) from the heme iron upon substrate binding in the active site. The rst electron is then transferred from a redox partner proteintypically a ferredoxin -that reduces the iron to Fe 2+ . If this species is exposed to carbon monoxide, the resultant complex that forms provides a spectrum with a characteristic Soret maximum at 450 nm, for which P450s are named. In the typical active cycle, dioxygen binds to the reduced P450, which then triggers the delivery of a second electron to generate a species equivalent to ferric peroxy anion -a species that has been invoked as the active oxidant in some specic P450-mediated transformations. 16 The requirement of the P450-catalytic cycle for electrons is unusual for an oxidative enzyme, with these electrons typically being derived from NAD(P)H via redox partner proteins. Next, the P450 controls the sequential delivery of two protons to the ferric peroxo species, specically ensuring the protonation of the distal oxygen, through a hydrogen bonded water network established in part through the important acid/alcohol pair of residues typically found in the I-helix above the heme iron. 7 This initially leads to the formation of the ferric hydroperoxy intermediate known as compound 0, with the correct delivery of the second proton triggering scission of the O-O bond with concomitant the loss of water and generation of the highly reactive intermediate compound I.
14 Instances where protonation of the proximal oxygen occurs during the P450 active cycle lead to the formation of hydrogen peroxide in a process known as uncoupling. This process, whilst largely seen as deleterious, does present the opportunity for some P450s to reverse this process and to utilise hydrogen peroxide directly to bypass the early stages of the P450 active cycle and the necessity for exogenous electron donors. Known as the shunt pathway, this process has been identied as proceeding in several bacterial P450s, although these systems are in the minority compared to those enzymes that utilise a "traditional" P450 active cycle. In the archetypal P450 reaction -C-H hydroxylation -the reaction then proceeds with the abstraction of a hydrogen atom from the substrate, with production of a transient iron-(IV) hydroxyl intermediate known as compound II (Cpd II). Substrate dissociation from the active site and water binding to the heme iron then complete the active cycle -which is one of the more impressive enzyme mechanisms given its complexity and ability to perform such unique oxidative chemistry.
Bacterial biosynthesis pathways involving P450s
The occurrence of P450s in bacteria is highly variable. Whilst the genome of the model organism E. coli has no identied P450 gene, many secondary metabolite producers like actinomycetes contain multiple P450 homologues. For example, Streptomyces avermitilis putatively contains 33 P450 encoding genes in its genome.
18,19
Recently, a comprehensive overview of the sequences, structures and functions of cytochrome P450 enzymes in Streptomyces strains has been published, 6 in which the number of homologues stands in contrast to the much lower number of P450s seen, for example, in Bacillus subtilis.
20
Bacteria can produce a great range of different secondary metabolites, which provide their bacterial producer strains a selective advantage under specic circumstances. Many of these metabolites have been exploited for use in human therapy for example as antibiotics, immunosuppressants or anticancer agents, which makes understanding their biosynthesis of great importance. In bacteria, cytochrome P450 enzymes catalyse a broad range of physiologically important oxidative reactions with a high degree of chemo-, regio-and stereoselectivity, which are essential for the activity of the nal pharmacologically active molecule. P450s are oen associated with the major secondary metabolite pathways found in bacteria: polyketide synthesis (performed by polyketide synthases, PKSs); non-ribosomal peptide synthesis (performed by non-ribosomal peptide synthetases, NRPSs); ribosomally synthesised and posttranslationally modied peptides (RiPPs); and traditional pathways that produce alkaloids, terpenes, steroids and fatty acids. The genes for the biosynthesis of such bacterial secondary metabolites are oen located next to each other on the chromosome, and thus sequences encoding P450 enzymes are typically located within the respective secondary metabolite gene cluster. In some cases, P450s are co-transcribed with their immediate redox partner, typically an Fe-containing ferredoxin, although this is not always the case and many instances have been reported where (multiple) bacterial P450s can accept electrons from a range of endogenous redox partners within the parent bacterial strain. [21] [22] [23] [24] Even though many P450s identied in bacteria can be assigned to a specic biosynthetic cluster, this does not always make the identication of their biosynthetic role a facile process. One representative example of such a scenario is seen in clavulanic acid biosynthesis, where P450 cla (Orf10) has been identied as a part of the gene cluster for more than 15 years. 25 In spite of the identication of this P450 within the clavulanic acid biosynthetic cluster, the presence of a presumed ferredoxin redox partner and knockout studies showing the importance of this enzyme in clavulanic acid biosynthesis, no denitive study demonstrating the substrate or catalytic mechanism of this P450 has yet been published. Whilst the likely role of P450 cla is the oxidative deamination of clavaminic acid, the exact mechanism of this reaction which affords clavulanate-9-aldehyde via "oxidative enantiomerisation" remains unknown (Fig. 3) . 25 This serves as a salient reminder that assigning the presumed activity of a P450 enzyme within a biosynthetic pathway can remain challenging.
Terpene metabolism
Terpene oxidation mediated by P450s provides the perfect platform from which to appreciate the power and complexity of the chemistry mediated by these enzymes. It ranges from the simple in concept but energetically impressive insertion of oxygen into an unactivated C-H bond through to multistep, intermediate laden transformations that dramatically alter molecular structure and function. P450s have been reported that catalyse the oxidation of terpenes ranging from the relatively simple C 10 monoterpenes to the much larger C 40 carotenoids in mesophilic and thermophilic bacteria. These oxidation reactions are sometimes associated with the formation of a stable secondary metabolite or the degradation of one to alter its function or provide an energy source for the bacterium. This section will cover the modication of terpenes where this is believed to be the primary, natural function of the P450 in either biosynthesis or biodegradation as the chemistry of these pathways is the same even if the biological context differs.
3.1.1 Biodegradation of monoterpenes. For historical reasons, simple monoterpene hydroxylation is perhaps the most widely reported and studied bacterial P450 catalysed transformation. Such a transformation is usually employed to provide a functional group that allows biodegradation of monoterpenes. This in turn allows the organism to access the high levels of energy sequestered in these reduced hydrocarbons and live on them as their sole source of carbon and energy, thus providing a ready selection process for the isolation of the P450 producing organism. As monoterpenes are widespread in the environment -Australian eucalypt forests are estimated to produce 500 000 tons of cineole alone per year 26 -the ability to utilise them as a carbon source is similarly common. The archetypal and best studied P450, P450 cam (CYP101A1) from Pseudomonas putida was isolated utilising this strategy and catalyses the hydroxylation of (1R)-camphor to (1R)-5-exohydroxycamphor as the rst step in its biodegradation.
27 P450 lin (CYP111A1), 28, 29 P450 terp (CYP108A1) 29 and P450 cin (CYP176A1) 30 were similarly isolated and characterised in organisms that lived on: linalool (Pseudomonas incognita now Acinetobacter baylyi strain ATCC 33305/BD413/ADP1); terpineol (Pseudomonas sp.)); or cineole (reported to be Citrobacter braakii but now believed to be a Rhodococcus sp.). P450 cam and P450 cin catalyse the enantiospecic hydroxylation of a methylene whilst P450 lin and P450 terp 31 mediated the regiospecic hydroxylation of an allylic methyl group (Fig. 4) . In all cases, this oxidation is the rst step in an oxidative cascade of reactions that permit conversion of the terpene into fatty acid like molecules that can be taken up into primary cell metabolism with concomitant production of NAD(P)H. Together, these enzymes have had a profound impact on the way P450 chemistry is understood, providing accessible model systems for mechanistic studies and a multitude of X-ray crystal structures [32] [33] [34] that provided insight into substrate binding and mechanism of oxidation. Interestingly, they were all found to be closely associated with their required redox partners in the bacterial genome, a situation that has not occurred for most subsequently identied bacterial P450s. The redox partners for P450 cam (the ferredoxin putidaredoxin and the NADH dependent putidaredoxin reductase) dened class I electron transport in P450s whilst the avodoxin dependent P450 cin dened class III enzymes. 35 A number of other monoterpene degrading P450s have subsequently been identied by genome mining and characterised. These include: CYP101D2, a camphor metabolising P450 that also produces (1R)-5-exo-hydroxycamphor;
36 CYP111A2 which oxidises linalool in the same way as P450 lin ;
36 CYP101J2, J3 and J4 which oxidise cineole to a stereoisomer of the one produced by P450 cin .
37,38
Interestingly, none of these enzymes was found closely associated with native redox partners. In the case of CYP102D2 and CYP111A2, a ferredoxin/ferredoxin reductase pair that supported P450 activity was found encoded elsewhere in the genome of the organism (Novosphingobium aromaticivorans) that produces both of these P450s. 36 This shared use of redox partners is the strategy commonly found for biosynthetic P450s (vide infra). P450 CamR from Rhodococcus sp. NCIMB 9784, for which no DNA sequence information appears available, hydroxylates (1R)-camphor to 6-endo-hydroxycamphor. 39 This in turn implies that, as P450 camR and P450 cam produce structurally isomeric products, biodegradation must proceed by different pathways, unlike the different linalool and cineole oxidising P450s which produce the same or stereoisomeric products. Finally, it is worth noting that not all monoterpene biodegradation relies upon P450s. p-Cymene biodegradation begins with monohydroxylation of the benzylic methyl group but to date in the pathways discovered this is mediated by a non-heme iron oxygenase. 40 3.1.2 Biodegradation of higher terpenes. The biodegradative pathways, and hence the role of P450s in these pathways, of higher terpenes (sesqui-, di-, sester-and triterpenes) are in general much less well understood. Members of the CYP226A family are known to be involved in the early stages of metabolism of the tricyclic abietane diterpenoids and CYP226A1 has been shown to hydroxylate dehydroabietic acid at C7 in a key early step in their utilisation as carbon sources Fig. 4 Important examples of bacterial P450-mediated hydroxylation of monoterpenes, leading to the eventual biodegradation of these compounds. P450 generated hydroxyl groups are indicated in red.
( Fig. 5A) . 41, 42 The chemical necessity for C7 oxidation or for its placement early in the pathway are unclear. Orthologous CYP226A encoding genes are found in a variety of bacteria that are known to degrade abietic acid derivatives, with minor differences in exact substrate specicity and function proposed. 42 In the operons encoding this pathway, the P450s are generally found associated with ferredoxin/ferredoxin reductase genes and in the case of CYP226A1 a co-encoded ferredoxin has been shown to support in vitro activity. 44 As with monoterpene utilisation, this complex pathway is initiated by P450 mediated hydroxylation. Members of the CYP124, CYP125 and CYP142 families have been shown to stereospecically hydroxylate the stereochemically different terminal methyl groups of the steroid sidechain, enabling subsequent biodegradation by a b-oxidation pathway (Fig. 5B) .
45 (CYP124 has also been shown to be hydroxylate the terminal methyl of iso-branched fatty acids (vide infra)). A ferredoxin is found included in the over 50 genes associated with this pathway, but the role of this enzyme as a possible P450 redox partner is unknown. As will be seen with a number of biosynthetic P450s, these enzymes are multifunctional. In this case, they consecutively oxidise the same methyl group three times, converting it via alcohol and aldehyde intermediates into a carboxylic acid, which allows ligation of coenzyme A and subsequent b-oxidation. Another P450, CYP51, involved in steroid metabolism has also been found in several bacterial species: M. tuberculosis; 46, 47 51 This family of P450s is widespread and found in bacteria, plants and animals and is responsible for the removal of the 14-a-methyl group from related intermediates in the sterol biosynthetic pathway (Fig. 5C ). This multistep reaction two involves sequential hydroxylations of an angular methyl group resulting in the formation of a formyl intermediate. This is believed to react with the ferric peroxo form of the P450 and the resultant intermediate undergoes loss of formic acid with concomitant alkene formation. 27 Given that the bacteria found to encode CYP51 do not all contain sterol biosynthetic pathways but many are associated with sterol utilisation as a carbon and energy source, the function of CYP51 in these organisms may be biodegradative rather than biosynthetic. A number of these bacterial CYP51s are found encoded along with ferredoxins and in fact the enzyme from M. capsulatus is a novel fusion between a P450 and a putative 3Fe-4S ferredoxin. 51 3.1.4 Diterpene biosynthesis. In contrast to biodegradative transformations, the biosynthetic functions of cytochrome P450s have been better recognised in the formation of higher terpenes. Once again, these may take the form of simple hydroxylation reactions (Fig. 6 ) or multistep complex transformations. Simple hydroxylation is seen in the formation of the diterpene glycoside antibiotic phenalinolactones where at least three different P450s oxidise a methylene (P450 PlaO5) or diastereotopic methyl (PlaO4 and PlaO3) groups. [52] [53] [54] In the case of the methyl groups, these pendant hydroxyls provide points of attachment for acyl or glycosyl moieties (cf. polyketides vide infra) and result in the P450s acting on structurally quite distinct substrates. Interestingly, as with many biosynthetic monooxygenases, the operon encodes no obvious redox partners for these P450s but does contain another P450 of so far unknown function. [52] [53] [54] Similarly, CYP1051A1 is encoded in a diterpene biosynthetic operon in the marine organism Salinispora arenicola without any redox partner and is responsible for diastereoselective methyl hydroxylation. 54 The cyclooctatin gene cluster in Streptomyces melanosporofaciens is responsible for the biosynthesis of the unusual eponymous diterpene, the skeleton of which is formed via an unusually complex and cryptic rearrangement pathway. 55 The two encoded P450s CotB3 and CotB4 catalyse simple, regio-and stereospecic methylene and methyl hydroxylations. 56 Although again, the operon contains no redox partners for the P450s, it has been shown that heterologous co-expression of a reductase/ferredoxin system from Streptomyces afghaniensis led to more efficient in vitro oxidation than the putidaredoxin/reductase system. 57 These results are consistent with a common reductase/ferredoxin system coupling to a number of P450s in Streptomyces.
3.1.5 Carotenoid biosynthesis. Carotenoid hydroxylation in several bacteria has been attributed to P450s (Fig. 7) . CYP175A1 has been shown to be a carotene hydroxylase from the thermophilic organism Thermus thermophilus HB27. 58 It is responsible for simple hydroxylation, albeit of this very large hydrophobic molecule and it actually hydroxylates two symmetry related methylenes at either end of the carotene skeleton. Although thermophilic, it has been reconstituted in vitro with the mesophilic putidaredoxin/reductase system.
59
CYP287A1 is from a radiation resistant bacterium Deinococcus radiodurans and is a C2 methylene hydroxylase of the monocyclic carotenoid, deinoxanthin. 3.1.6 Sesquiterpene biosynthesis. The P450s associated with sesquiterpene biosynthesis seem to be associated with unusual activities apart from oxidation. In the biosynthesis of the tricyclic antibiotic albaavenone, CYP170A1/2 catalyses the sequential oxidation of an allylic methylene to a ketone via an alcohol intermediate (Fig. 8A ).
61
Unusually, the initial hydroxylation is not stereospecic giving a mixture of epimers and interestingly, CYP170A1 has also been shown to also be a terpene synthase converting FPP into farnesene. 61, 62 This transformation itself does not seem to be physiologically relevant but perhaps may play a regulatory function as binding of farnesyl pyrophosphate, an albaavenone precursor, can alter the activity of the P450. 62 In contrast, CYP110C1, found in cyanobacterium Nostoc sp. strain PCC 7120 in an operon with a sesquiterpene cyclase, is reported to be crucial for formation of the carbon skeleton of the nal product (Fig. 8B) . 63, 64 The cyclase forms monocyclic germacrene A and co-expression of the cyclase with the P450 results in a new bicyclic oxygenated product. It is proposed that P450 mediated epoxidation is followed by intramolecular cyclisation. No redox partners were found in this operon but a Nostoc sp. ferredoxin/reductase pair were found to be the best in vivo partners for heterologous activity in E. coli. Finally, a completely non-oxidative function has been attributed to a P450 found encoded along with a terpene cyclase in S. clavuligerus. The cyclase produces (+)-T-muurolol when heterologously expressed but when similarly expressed with the native, upstream P450 a structurally quite different sesquiterpene, (À)-drimenol, is produced via a mechanistically distinct pathway; the molecular basis of this remains to be resolved (Fig. 8A) . [65] [66] [67] 3.1.7 Unusual, multistep biosynthetic transformations. A small number of well characterised terpene biosynthetic pathways display the true potential of P450s as oxidative catalysts, utilising them for more than simple oxygen transfer reactions. In the biosynthesis of the sesquiterpene antibiotic pentalenolactone by S. avermitilis two different transformations are P450 catalysed. The rst utilises the P450 PtlI and results in the conversion of an allylic methyl group of pentalene to a carboxylic acid moiety (Fig. 9A) . 68 In vitro reconstitution experiments only yielded the corresponding aldehyde intermediate although it is unclear whether this was due to the E. coli derived redox partners or the biosynthetic requirement for a separate aldehyde dehydrogenase.
68 Surprisingly, the acid then subsequently undergoes a non-heme iron oxygenase (PtlH) (and not a P450) catalysed methylene hydroxylation. The nal step in pentalenolactone biosynthesis involves an unusual oxidative rearrangement ( Fig. 9B ) 69 in which it can reasonably be proposed that compound I of the P450 (PenM (CYP161C3) and PntM (CYP161C2) are orthologs from S. exfoliates UC5319 and S. arenea TU469, respectively) abstracts a hydrogen atom from the substrate, pentalenolactone F, to yield a radical intermediate. Rebound of the compound II hydroxyl onto this radical is sterically disfavoured and instead electron transfer to yield the corresponding neopentyl cation occurs; this cation then undergoes 1,2-methyl migration and proton loss to yield the product. 70 Remarkably, CYP105D7 from S. avermitilis is known to hydroxylate the corresponding methylene of a different pentalene without rearrangement (Fig. 9A) , presumably due to reaction on the sterically more accessible, diastereomeric face of the bicyclic substrate. 70, 71 Site directed mutagenesis and substrate analogue studies failed to reveal any special features of the protein or substrate required for the rearrangement beyond steric encumbrance of the radical intermediate.
70
Perhaps no biosynthetic pathway better displays the catalytic potential of P450 mediated oxidations than that of the gibberellins. 72 The pathway to these important signalling molecules has independently evolved in plants, fungi and in some bacteria, the latter of which are plant symbionts or pathogens. 72 These diterpene derived plant phytohormones undergo a number of remarkable P450 mediated transformations (Fig. 10) . CYP117 mediates the early regio-and chemospecic transformation of the C19 methyl group into a carboxylic acid moiety by three sequential oxidations proceeding via alcohol and aldehyde intermediates.
72 Next CYP114, utilising a co-encoded ferredoxin redox partner, converts a cyclohexane into a carboxy cyclopentane. 72 This unusual, three-step reaction is thought to proceed via an initial hydroxylation followed by a semi-pinacol rearrangement of an a-hydroxy cation. Such a species might arise from the usual H atom abstraction by compound I, with steric inhibition of the rebound step as seen in pentalenolactone (vide supra) formation leading to electron transfer and cation generation. Conversion of the immediate formyl product to the acid then follows a standard pathway. It is interesting to note that the C19 carboxylate formed previously is thought to be important in this transformation despite its distal nature. CYP112 then catalyses another two-step regiospecic conversion of a methyl group into an aldehyde intermediate. 72 This compound then presumably undergoes oxidative loss of the carboxylic acid moiety catalysed by CYP112, perhaps mediated by a ferric peroxo P450, to yield a carbocationic intermediate which then forms a lactone with the C19 carboxylate installed by CYP117. Such a loss of the carboxy moiety may initially generate a radical intermediate but again steric inhibition of rebound would be required to could promote cation formation. The nal P450 involved in the gibberellin pathway is CYP115 that is required to form gibberellin 4, the bioactive hormone, and it catalyses the last step in the pathway. Almost anticlimactically, this is a simple regio-and stereospecic hydroxylation of a methylene group. 73 
Fatty acid metabolism
Fatty acid metabolism by cytochrome P450s is one of the most commonly reported reactions for this enzyme class. The relevance of such transformations to biosynthetic pathways and even the actual role of the P450 enzyme in question is not always clear, however, as fatty acids make excellent, exible and hydrophobic substrates that can interact with many P450 active sites. None the less, there are several well characterised examples of bacterial P450 enzymes that specically metabolise fatty acids, and even in cases where the relevance of the reaction to the organism is unclear, signicant mechanistic insights into P450 function have been gained. The hydroxylation of fatty acids remains the major reaction that is seen in bacterial P450s that act against such substrates (Fig. 11) . 74, 75 Due to the relative scarcity of structural motifs within fatty acids, the selectivity of hydroxylation in such cases is oen lower than is seen for most biosynthetic transformations, with the exceptions to this rule being if the site to be hydroxylated is close to either the carboxylic acid moiety (a/b-positions) or the terminal methyl group (u-position) of the fatty acid. In P450s with the requirement to specically perform the oxidation of the energetically more challenging methyl group over neighbouring methylene groups, a highly specic active site architecture is required to restrict access of the fatty acid chain to the active site oxidant. Such an active site architecture has been resolved for CYP124 from M. tuberculosis, where selective hydroxylation of a fatty acid methyl group in isobranched chain fatty acids is enabled by a highly specic fatty acid binding channel that orients the fatty acid perpendicular to the heme plane combined with signicant conformational restriction in the vicinity of the heme itself.
76 CYP124 does not display as high a selectivity for u-oxidation of straight chain fatty acids, although the activity for these substrates is several orders of magnitude below that of branched chain substrates and implicates a role of CYP124 in branched chain fatty acid metabolism.
76
Possibly the most well studied examples of u-hydroxylating P450s are the mammalian CYP4A class, and studies on these enzymes have shown that steric restriction around the active site account for the selectivity of this subfamily. 77 One bacterial P450 subfamily that displays a similar level of selectivity for the u-oxidation of straight chain fatty acids is the CYP153A subfamily, with subfamily members characterised as having very high selectivity for methyl oxidation over that of neighbouring methylene groups.
78 CYP153A enzymes have been investigated by a number of groups due to potential interest from a biotechnological perspective, which is also heightened by observations that these P450s can also accept alkanes as substrates and produce terminal alcohols as well as a,udiols. [79] [80] [81] [82] In the case of diol production, further oxidation has also been detected (i.e. to the aldehyde), which appears to increase with chain length of the substrates and probably stems from higher substrate affinity in these cases. 80 Production of the aldehyde has also been reported as a minor side product in experiments with CYP4A enzymes, 77 and demonstrates the effects that even minor side reactions can have over long reactions times when all of the initial fatty acid substrate has been converted into an intermediate species.
One of the best known examples of a cytochrome P450 is P450 BM3 from Bacillus megaterium. 83, 84 This P450 has received a great deal of attention due to its substrate promiscuity and rapid turnover rate, making it effectively a bacterial equivalent of a xenobiotic metabolising P450 enzyme -albeit a very fast enzyme that is easily amenable to expression, mutation and scale up. Many of the favourable properties of P450 BM3 stem from the fact that it is a naturally existing fusion protein, where the FMN and FAD containing redox partners needed to supply electrons to the P450 domain (known as BMP) are fused into one polypeptide chain. 85 This arrangement leads to the rapid rates of catalysis for P450 BM3 , and has inspired signicant work to identify more natural P450 fusion proteins as well as attempts to generate synthetic P450-fusion proteins to obtain enzymes with more favourable catalytic properties. One consequence of this fusion arrangement is that P450 BM3 appears to be active as a dimer, with electron transfer occurring in an intermolecular fashion.
86-88 P450 BM3 has long been reported to oxidise a range of fatty acid substrates, with hydroxylation focussed on the methylene groups at the terminus of the fatty acid chain (u-1 to u-3). [89] [90] [91] Increasing chain length alters this distribution and leads to increased oxidation at sites more remote from the u-position. The stereochemical purity of these alcohol products can be very high (>99% ee) favouring the R-enantiomer, although the enantiopurity of the product alcohols decreases with increasing distance from the terminal methyl group.
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The mechanism of P450 BM3 -mediated hydroxylation has been probed using so-called radical clocks, in which the ring opening of cyclopropyl probes in response to an intermediate radical species prior to oxygen rebound provided strong evidence for a distinct substrate centred radical as opposed to a concerted process. [95] [96] [97] Long incubations of fatty acids with P450 BM3 can lead to the isolation of products that have undergone several rounds of oxidation, producing ketone, diol and hydroxyketone products, 89, 90 but unlike systems in which sequential oxidations are required (such as P450 scc or P450 BioI , vide infra) the affinity of the enzymes for hydroxylated fatty acids is signicantly reduced over the parent fatty acids themselves. P450 BM3 is also able to epoxidise unsaturated fatty acid substrates, with the relative positioning of the alkene with regards the u-position of the fatty acid either dictating complete epoxidation, a mixture of epoxidation and hydroxylation or complete hydroxylation.
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Such effects have also been observed when thiafatty acid probes were used to investigate the effect that ease of oxidation has on both product regiospecicity and stereospecicity, which show that centres that are more easily oxidised can signicantly inuence both these parameters. 99 The inclusion of methyl groups within a fatty acid chain also provoke alterations to the regiochemistry of P450 BM3 oxidation, which is due to a combination of steric and electronic effects in these cases. 100 The oxidation of such substrates has been suggested as a possible natural reaction for this P450, although as it stands it is still not completely clear what role this remarkable P450 plays within B. megaterium.
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Other bacterial P450s that utilise fatty acid substrates display important examples of diversity within such enzymes. CYP105D5 from Streptomyces coelicolor has also been demonstrated to perform the hydroxylation of fatty acids in a similar manner to that seen with P450 BM3 . 21 In the case of this P450, reconstitution of activity could be achieved using native ferredoxin and avoprotein ferredoxin reductase enzymes from S. coelicolor itself, 21 which serves to highlight the ability of P450s to interact and accept electrons from redox partners within the cell that may not always be closely associated with the P450. CYP119 is an example of an orphan P450 like P450 BM3 whose physiological role is unclear. What makes this P450 of great interest is that it was isolated from the thermophilic archaea Sulfolobus acidocaldarius and as such displays a much higher tolerance to elevated temperatures compared to mesophilic P450s (this P450 is included here in this review partially due to the widespread misconception that this is a bacteria). 101, 102 The origins of the high thermal stability of this P450 appear strongly connected with aromatic stacking interactions within the protein, 103 whilst the ability to combine CYP119 with a thermostable redox system (comprising a ferredoxin and a 2-oxoacid:ferredoxin oxidoreductase) has been shown to signicantly boost activity at 70 C. 104 CYP119 is able to oxidise substrates other than fatty acids and has also demonstrated the ability to directly use hydrogen peroxide to support such oxidations.
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CYP119 has also been highly useful in mechanistic investigations into P450 mechanism and reactivity, with the Green group rst demonstrating the conclusive identication and characterisation of the key P450 reactive intermediate -the central iron-oxo/ferryl intermediate known as compound I -using this enzyme. 15 Further examples of P450s isolated from bacteria that inhabit extreme environments include CYP261C1/2D1 that were isolated from Photobacterium profundum SS9 (ref. 106 ) and Moritella sp. PE36 (ref. 107 ) that live in a deep-sea environment. These P450s display a pressure-dependent equilibrium between two enzymatic states that appear to be related to control of water access to the P450 active site, with the "restricted access state" hypothesised to be transient in P450s not subjected to such extreme pressures in which protein hydration is favoured. These examples underline the importance of examining enzymes from extremophiles, as their properties not only inform on the adaptions required to tolerate such conditions but also provide insights into the mechanism of mesophilic enzymes.
Several bacterial P450s that oxidise fatty acids have been identied that can use hydrogen peroxide as an oxidant. Both P450 SPa (CYP152B1) from Sphingomonas paucimobilis, which regio-and enantioselectively catalyses the S-hydroxylation of the a-position of long chain fatty acids, [108] [109] [110] and P450 BSb (CYP152A1) from Bacillus subtilis, which catalyses the hydroxylation of long chain fatty acids to produce a 3 : 2 mixture of b-Rand a-S-hydroxylated products, utilise hydrogen peroxide as an oxidant. Specic arginine (R241/R242) residues in P450 SPa and P450 BSb are crucial as they bind the carboxylate of the fatty acid to position the substrate above the heme for oxidation in both cases. 111, 112 Moreover, the carboxylic acid moiety appears to play a role in the generation of compound I from hydrogen peroxide in these P450s, which is an important example of substrateassistance in the P450 active cycle. [111] [112] [113] The regioselectivity of P450 SPa appears to be maintained through the channel that orients the fatty acid within the active site, as mutations corresponding the P450 BSb active site are unable to switch regioselectivity towards the b-position. 111 The opposite is true for mutations to the P450 BSb active site, which are capable of switching the regiochemistry of oxidation by this P450 towards the a-position. 111 The use of hydrogen peroxide as an oxidant means that there is not the need to interact with redox partner proteins, and this is reected in an extended loop prior to the axial cysteine ligand on the proximal face of the heme coupled with a predominant negative charge, which differs to P450s that interact with redox partner proteins. 111, 112 The use of peroxide by these P450s accounts for their rapid rate of turnover and also serves to explain the high levels of interest in such enzymes as potential biocatalysts, although inactivation by high levels of peroxide can limit the usefulness of this approach. 114 An alternate solution has been demonstrated in the case of the related a-hydroxylase CYP152A2 from Clostridium acetobutylicum, in which reconstitution with a functional redox partner chain was able to improve the catalytic properties of this enzyme. 114 Thus, the relevance and use of hydrogen peroxide as an oxidant in P450-mediated transformations always needs to be tested in comparison to a redox enzyme pathway in order to deliver the optimal system for study.
A further example of P450 diversity in bacterial fatty acid metabolism is provided by OleT (CYP152L1) from Jeotgalicoccus sp. ATCC 8456, which catalyses the oxidative decarboxylation of fatty acids to generate terminal alkenes. 115, 116 OleT has a similar structure to P450 SPa and P450 BSb , including the extended loop near the conserved cysteine ligand and the presence of an arginine residue in the active site to coordinate to the carboxylate of the fatty acid. 116, 117 The decarboxylation of fatty acids by OleT is supported both by peroxide and electron transfer partners, and has been extensively investigated due to the unusual nature of the reaction and the potential to use such an enzyme for biofuel production. [115] [116] [117] [118] [119] [120] [121] Mechanistically, it has been demonstrated that this enzyme utilises the highly reactive compound I as an intermediate in the oxidation, with a comparatively long-lived compound II species also being detected during the course of the reaction rather than the typical oxygen rebound pathway. 120, 121 OleT serves as an important example of how bacterial P450s can perform atypical P450 chemistry despite high levels of structural and sequence similarity to related P450s that perform more standard hydroxylation chemistry.
One example of fatty acid oxidation that relies upon the selective oxidation of the middle of the fatty acid chain is that performed by P450 BioI , which is found in the biotin operon of various species of Bacillus. 122, 123 The role of this P450 is to generate pimelic acid (or a biological equivalent), a C 7 diacid precursor of biotin biosynthesis, from long chain fatty acids. 74, 123, 124 Mechanistically, this P450-catalysed multiple step oxidation proceeds via two sequential hydroxylations to generate a vicinal diol, which is then cleaved by the P450 to generate a C 7 acid/aldehyde product that then undergoes rapid oxidation to the desired diacid. 125 This mechanism resembles that utilised by P450 scc , the human enzyme that cleaves the side chain of cholesterol during steroid biosynthesis, which has been investigated in detail due to the importance of steroid biosynthesis for human health. 124 The activity of P450 BioI against free fatty acids can be reconstituted, but this oxidation proceeds with low selectivity for in chain cleavage: rather, such reactions afford R-hydroxylated fatty acids with the site of oxidation close to (but not including) the u-terminus of the fatty acid. 125, 126 The situation dramatically alters, however, when P450 BioI catalyses the oxidation of fatty acids bound to acyl carrier protein (ACP). 123 In these cases, the production of the desired diacid product proceeds with complete selectivity. A crystal structure of the P450 BioI -ACP complex -the rst such complex to be isolated and structurally characterised -clearly demonstrated how the selective oxidation of ACP-bound fatty acids by P450 BioI occurs. 127 In the complex structure, the phosphopantetheine arm of the ACP upon which the fatty acid is bound projects in towards the heme of the active site, and is closely coordinated via electrostatic interactions that lock the position of this arm in place like a ruler above the heme. 127 The active site, which is almost exclusively comprised of large, hydrophobic amino acid residues, then ensures that the fatty acid chain adopts a U-shaped conformation over the heme, with the bottom of the "U" comprising the C7 and C8 atoms of the fatty acid that are then closest to the heme for subsequent oxidation. 127 The utilisation of a carrier protein in the substrate of P450 BioI demonstrates that P450s can act against a wide range of substrates -even protein bound substrates -and that carrier protein bound substrates need to be considered when investigating P450s that are involved in systems that contain carrier proteins (such as polyketide synthases and non-ribosomal peptide synthetases (vide infra)). 74, 128 
Alkaloid biosynthesis pathways
Alkaloids are secondary metabolites, generally biosynthesised from amino acids, which contain at least one nitrogen atom that is generally part of a heterocycle. Interest in alkaloids is oen dependant on their pharmacological applications and these frequently drive investigations into their biosynthesis. Historically, alkaloids were commonly derived from plant sources, but are now known to be generated by a number of different organisms, including bacteria and fungi. Nevertheless, there are still limited examples of alkaloids biosynthesised by bacterial species and consequently, there are very few instances of P450s involved in the alkaloid biosynthesis in these organisms. However, this scarcity has not limited the unusual reactions that can be performed these P450s. Alongside the typical carbon hydroxylation reactions, bacterial P450s can execute N-hydroxylations and form both carbon-carbon and nitrogencarbon bonds in the generation of alkaloids.
NzsA is an example of a P450 that catalyses a classical carbon hydroxylation reaction (Fig. 12) . In Streptomyces sp. MA37, neocarazostatin B, a tricyclic carbazole alkaloid derived from Ltryptophan, is converted to neocarazostatin A triol via hydroxylation at C10. 129 Two genes (NozD and E) encoding putative P450s have also been identied in the genome of Norcardiopsis sp. CMB-M0232 and are proposed to be involved in the biosynthesis of nocardioazines A and B. Like neocarazostatin, these alkaloids are also derived from L-tryptophan, but in this case two L-tryptophan molecules combine to produce a cyclodipeptide. 130 NozD and E are proposed to catalyse carbon hydroxylation and epoxidation in the nal stages of nocardioazine biosynthesis, 130, 131 but further biochemical studies are necessary to determine the exact function of these enzymes (Fig. 12) .
RauA (CYP1050) provides a rare example of a P450-catalysed N-hydroxylation in the production of an aurachin alkaloid antibiotic, aurachin RE from Rhodococcus erythropolis JCM 6824 (Fig. 12) . The hydroxylation on the nitrogen of the quinolone ring is crucial as it is essential for the antibacterial activity of the molecule and is the nal step of its biosynthesis.
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Conversely, in other species that produce these alkaloids this oxidation is not performed by a P450. Stigmatella aurantiaca Sg a15 generates aurachin C, which is structurally very similar to aurachin RE, lacking only one hydroxyl moiety in comparison. The absence of a P450 in the genome of S. aurantiaca and genetic knockout studies suggest a Rieske [2Fe-2S] oxygenase is utilised for this oxidation rather than a P450.
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The most intriguing alkaloid transformations are those catalysed by the P450s involved in the biosynthesis of the indolocarbazole alkaloids, rebeccamycin and staurosporine. These include the StaP (CYP245A1) and RebP (CYP245A2), enzymes that catalyse an intramolecular carbon-carbon coupling reaction, and StaN (CYP244A1), which is responsible for the formation of a carbon-nitrogen bond in staurosporine (Fig. 13) . The biosynthesis of both highly similar indolocarbazoles begins with the dimerisation of two imines derived from Ltryptophan (or the dichlorinated version in the case of rebeccamycin) catalysed by the hemoproteins StaD or RebD. 136 The P450s StaP or RebP are then responsible for catalysing the arylaryl coupling reaction to create a new central ring. 137, 138 Crystal studies have suggested, due to the potentially limited movement of the substrate within the active site, that a one-electron oxidation would be favoured over the typical P450 hydroxylation. 139 This would facilitate proton abstraction from the indole nitrogen, which is followed by a second one-electron oxidation that triggers radical migration resulting in a formation of a new C-C bond. The required second indole proton abstraction could occur either before or aer the formation of the new bond. Further work has also suggested that if the substrate does indeed have reduced access to the heme iron it could employ a histidine (H250) in conjunction with two water molecules to catalyse this C-C bond formation.
140 Initial studies originally proposed that the subsequent oxidative decarboxylations were also catalysed by StaP or RebP. However, although it has now been established that these reactions can occur non-enzymatically 137 they must be enzymaticallycontrolled in order to generate the desired product.
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For rebeccamycin the oxidation is facilitated by RebC, which produces 1,11-dichloroarcyriaavin A and excludes the generation of all other products that can be formed in the absence of the enzyme. In contrast, StaC mediates a 4-electron oxidation to generate exclusively K252c the aglycone core that forms staurosporine. Finally, the biosynthesis of staurosporine also requires a second P450, StaN to initiate the formation of the second carbon-nitrogen bond between the sugar and the aglycone core. 143, 144 First, a glycosyltransferase StaG catalyses formation of the N-glycosidic bond that attaches the deoxysugar to the aglycone K252c to produce holyrine A. It is proposed that a StaN-mediated hydroxylation of the sugar moiety of holyrine A, followed by elimination of water creates an oxonium cation primed for attack by the nitrogen and consequently the formation of the second carbon-nitrogen bond. Alternatively, the oxonium ion may be formed directly from the radical intermediate generated by compound I H atom abstraction.
Shikimate biosynthesis pathways
Shikimate biosynthesis involves the production of many compounds that contain aromatic amino acids and other molecules containing polyphenols. Traditionally, the shikimate pathway is associated with the production of lignins in plants and it has been proposed that bacteria are essential in the breakdown of these molecules in nature. Preliminary genomic analysis of bacteria-mediated lignin degradation has indicated that P450s in Rhizobium sp. strain YS-1r maybe be involved in this process. 145 Bacterial P450s involved in biosynthetic pathways that include shikimate metabolites have been found associated with non-ribosomal peptide synthetases (NRPS; vide infra) and in alkaloid biosynthesis (vide supra). These enzymes catalyse the hydroxylation of aromatic amino acids such as tyrosine and tryptophan. However, more complex P450 reactions catalysing oxidative biaryl coupling during the generation of melanin are also known.
P450 mel (CYP107F1) from Streptomyces griseus, named for its role in the production of melanin, is an example of one of a P450 that catalyses one of these more complex reactions. It catalyses the oxidative coupling of two 1,3,6,8-tetrahydronaphthalene (THN) subunits to create 1,4,6,7,9,12-hexahydroxyperylene-3,10-quinone (HPQ) (Fig. 14) . 146 These HPQ units then autopolymerise to form HPQ-derived melanin, which is unlike other melanins that are typically formed from dihydroxyphenylalanine (DOPA) subunits. Again, like P450s such as CYP158 (vide infra), the formation of this new aryl-aryl bond is thought to occur via the creation of a phenolate radical and subsequent proton coupled electron transfer.
Polyketide (PKS) biosynthesis
Polyketides form one major class of secondary metabolites, and include many important examples such as the antibiotic erythromycin, the antifungal amphotericin, the immunosuppressant tacrolimus or the cholesterol-lowering agent lovastatin. They are synthesised by the sequential incorporation of malonyl-CoA extender units or derivatives into a growing polyketide chain by polyketide synthases (PKSs) through repetitive Claisen condensation reactions. Based on the architecture of the PKS, these assembly lines are divided into type I-III systems.
147 Type I systems are very large, multifunctional proteins, where a set of different enzymatic domains build up one module and this module is responsible for extension by one extender unit. A minimal module consists of an acyltransferase (AT), an acyl carrier protein (ACP) and a ketosynthase (KS) domain. Further reducing domains may be present within a module, which modify the b-keto ester intermediate during assembly. The products are usually long polyketide chains, which remain linear or undergo further (macro)cyclisation aer cleavage from the multi-enzymatic complex. In contrast, type II PKS are iteratively working enzymes, consisting of a ketosynthase, a chain length factor and an ACP. The nal polyketide is then modied by cyclases/aromatases, leading basically to multicyclic compounds. PKS type III are small, multifunctional enzymes building small aromatic polyketides by the condensation of one starter unit with 2-3 extender units; furthermore, such systems are dependent on coenzyme A rather than the carrier protein domains found in other PKS systems.
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Following the biosynthesis of the polyketide backbone of the PKS system, further modications oen take place: these modications are generally related to glycosylation, the incorporation of other functional groups or further reduction/ oxidation reactions. Due to the different length of the polyketide, their various cyclisation patterns, as well as further modications, polyketides form a very large group of structurally diverse natural products. Within their biosynthesis, P450 enzymes play crucial roles, typically related to late-stage modications, which can have a dramatic impact on the nal bioactivity of the compound. Understanding P450-catalysed reactions within PKS biosynthesis (Fig. 15) is of great interest for efforts to modify existing compounds or develop new chemotherapeutic agents as, given their structural complexity, many of these medically important compounds have to be produced via fermentation of producer strains rather than synthesis.
3.5.1 Classic P450 transformations in PKS biosynthesis. Due to the wide range of different compounds that can be produced by PKS machineries, it is perhaps unsurprising that the diversity of function of P450 enzymes that are found associated with bacterial PKS clusters is equally high. Whilst the roles of P450s in the biosynthesis of the macrolide products of type I PKS machineries have arguably been the most extensively investigated, P450s are also found to play a role in the formation of other types of PKS products, such as polyenes and polycyclic aromatic compounds. The most common P450 transformations in PKS biosynthetic pathways are C-H hydroxylation and alkene epoxidation: whilst the latter is perhaps unsurprising given the structures of many PKS products, the requirement for hydroxylation is somewhat less intuitive. Although PKS biosynthesis naturally provides the opportunity for the incorporation of many sites of hydroxylation within the nal compound, the requirement for P450-catalysed hydroxylation exists to modify sites within the nal compound that cannot be addressed during PKS-biosynthesis. As such, these positions very oen serve as the attachment sites for additional, late stage modications of the PKS product, most typically glycosylation.
Arguably some of the most well-known examples of bacterial biosynthetic P450s are found to catalyse such reactions, including those involved in hydroxylation reactions, as found in erythromycin (EryF and EryK) [149] [150] [151] [152] and pikromycin/ neomethylmycin (PikC) 153 biosynthesis, along with epoxidation, as found in pimaricin (PimD) 154, 155 and epothilone (EpoK) 156 biosynthesis. ‡ Whilst such transformations are relatively common in PKS pathways, it is important to stress that the properties of each enzyme and the reaction mechanism that they employ can vary dramatically. Some brief examples of note with regards to the examples listed above include: (1) the difference in timing of the hydroxylation reactions performed by EryF and EryK in erythromycin biosynthesis with regards glycosylation (EryF functions against the aglycone whilst EryK accepts glycosylated intermediates); (2) the difference in mechanism of oxygen activation between the P450 hydroxylases in erythromycin biosynthesis (EryK maintains a standard acid/ alcohol pair within the I-helix, whilst EryF relies upon hydrogen bonds from the substrate to replace the alcohol residue, which is mutated to an alanine in this case); (3) PikC displays far greater substrate selectivity with altered product production than related P450 homologs from analogous pathways; and (4) differences in the reactive intermediate responsible for epoxidation in macrolide biosynthesis (EpoK utilizes standard compound I type chemistry, whilst PimD has been reported to make use of the preceding ferric hydroperoxy intermediate, compound 0). Thus, it can be seen that even though "classic" P450 chemistry is commonly found in PKSmediated biosynthesis, the mechanistic details of these reactions can remain complex and diverse.
Complex transformations mediated by P450s in PKS biosynthesis.
Beyond classic P450 transformations, polyketide biosynthesis offers many examples of complex P450 reaction pathways, in which multiple, sequential oxidative reactions are performed by one P450 enzyme on a single substrate. Such reactions oen require extensive characterisation in order to fully elucidate the preferred reaction pathway, which can be challenging due to the complex nature of the enzymatic substrates. Examples of multiple oxidative reactions at a single site with a PKS product are most commonly found in the oxidation of methyl groups into the corresponding carboxylic acid group: examples that have been reported include those found in the biosynthesis of bongkrekic acid (BonL) 157 and polyene compounds like amphotericin (AmphN), 158 candicidin (FscP), 159 pimaricin (ScnG) 160 and rimocidin (RimG). 161 The probable mechanistic route for such a transformation, which is found in other P450 transformations -particularly in steroid metabolism -involves three sequential oxidation reactions, and thus alcohol and aldehyde intermediates are generated prior to the nal product. One example in which a highly complex biosynthetic pathways intersects with such a P450-mediated transformation is found in borrelidin (BorI) biosynthesis: 162 BorI is implicated in the formation of a nitrile group found within borrelidin, and whilst transformations have been reported in which a carboxylic acid is directly converted into a nitrile group, 163 this appears not to be the case in borrelidin biosynthesis, where gene disruption studies indicate that BorI only affords acid products via a shunt pathway. Mechanistic alternatives postulated include both alcohol 164 and aldehyde 162 intermediates playing a role in nitrile formation together with other biosynthetic enzymes, although to date the exact pathway by which the nitrile moiety is installed remains unclear. Thiotetronate biosynthesis (mixed PKS/NRPS), specically thiotetroamide C, 165 also utilises a P450 (TtmP) to generate a carboxylic acid moiety from a methyl group, although in this case the acid group is further converted into a primary amide via the actions of the amidotransferase TtmN that consumes both ATP and glutamine to perform this reaction. This biosynthesis route is also unusual as it contains a ferredoxin (TtmO) that supports the activity of the P450 -in most biosynthetic clusters the P450 is not accompanied by such a redox partner, and utilizes electrons from other redox proteins within the bacterium.
Single P450 enzymes are also able to act on multiple sites within a substrate during the course of PKS biosynthesis. In the biosynthesis of daunorubicin and doxorubicin, DoxA is capable of installing an a-hydroxyketone moiety during the biosynthesis of these polycyclic aromatic compounds (Fig. 16A) . Mechanistically, it has been shown that DoxA prefers substrates bearing 4-methoxy groups over 4-hydroxy groups and that the reaction proceeds initially by hydroxylation at the C13 methylene position. Subsequent oxidation at this position to generate the ketone affords daunorubicin, with further oxidation of the C14 methyl group to the a-hydroxyketone then giving rise to doxorubicin. [166] [167] [168] Other complex examples of multi-step P450 reactions (combining hydroxylation and epoxidation) have been reported in the biosynthesis of the macrolides FD-891, 169 mycinamycin (MycG) 170 and tirandamycin (TamI). 171 In the case of MycG, the two-step transformation preferentially begins with hydroxylation at C14, with subsequent epoxidation of the C12-C13 double bond (Fig. 16B) . Substrates that have undergone epoxidation before hydroxylation are no longer able to be further processed by MycG, which means that in order to efficiently perform both transformations MycG must carefully control the orientation of the substrate such that the hydroxylation step -the chemically more challenging step -takes place before epoxidation of the double bond occurs. An even more complex process is catalysed by the P450 TamI in tirandamycin biosynthesis (Fig. 16C) . In this case, TamI performs three oxidation steps that are coordinated with the action of the avoprotein TamL. TamI performs the rst reaction in the cascade, which is the hydroxylation of C10 within the TirC intermediate. This is then further oxidised by TamL at C10 to generate the ketone, which then undergoes two further TamImediated reactions: rst, epoxidation of the C11-C12 double bond, and nally hydroxylation of the C18 methyl group to generate TirB. This example is surely one of the more impressive examples of the power and control that P450s can bring to biosynthetic transformations and also serves to demonstrate why fully unravelling such pathways can require extensive experimental endeavour.
3.5.3 Less common P450-catalysed transformations in PKS biosynthesis. Whilst less common, there are many more examples of P450-catalysed transformations found in bacterial PKS pathways. These extend from relatively straightforward examples of alternative chemistry performed by P450s and extend to complex multiple step processes.
3.5.3.1 Dehydrogenation -bacillaene biosynthesis. Bacillaene is an antibiotic produced by Bacillus subtilis and is produced by a large hybrid PKS/NRPS machinery that includes 16 modules (13/3, respectively) and a single cytochrome P450 (PksS/BaeS).
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Characterisation of both the molecules itself and the biosynthetic pathway responsible for production of this molecule were difficult, in part due to the instability of the compound and also the challenge of assigning the biosynthetic machinery to the structure of bacillaene itself. Whilst bacillaene contains two hydroxyl groups and nine double bonds, no obvious role for the P450 could be identied (either hydroxylation or epoxidation). Instead, reconstitution of the activity of this P450 using a cytosolic extract of B. subtilis and dihydrobacillaene indicated that the role of PksS is to introduce the double bond at C14, C15 into dihydrobacillaene (Fig. 17A) , affording bacillaene itself.
173 Such a system is naturally highly challenging to investigate due to the difficulty in obtaining modied substrates to probe the activity of this P450, however recent work on other systems has shown that P450s are able to directly catalyse the insertion of double bonds into substrates without requiring an intermediate hydroxylation step. 174 Whilst the elimination of an intermediate hydroxylated species could also represent a viable route towards the formation of hydrobacillaene (especially due to the facile nature of dehydration and the stability of the resultant conjugated alkene), the possibility remains that PksS is another example of a P450 that directly generates alkene products: it is also important to recognise that the appearance of double bonds within a nal compound can also arise from the activity of P450 enzymes. 3.5.3.2 Aromatic crosslinking -oxidative dimerisation of a-violin. Amongst their oxidative chemical repertoire, P450s are also capable of performing the oxidative crosslinking of aromatic rings. In PKS biosynthesis, the most well studied examples are found in the biosynthesis of pigments, which in the case of Streptomyces coelicolor includes the dimerisation of aviolin performed by CYP158A2 (ref. 175 ) and likely by CYP158A1. 176 The biochemical characterisation of CYP158A2 showed that aviolin binds tightly to this P450 and causes a type-I (activation) spectral shi in the P450. 175 Furthermore, the incubation of CYP158A2 and aviolin together with a functional electron transfer chain (composed of E. coli avodoxin and avodoxin reductase) demonstrated that this P450 could produce species with a mass that corresponded to aviolin dimers and trimers: two of the dimeric species were further characterised and this revealed that the differences between (Fig. 17B) . 175 The structural characterisation of this enzyme in complex with aviolin revealed two molecules of aviolin in the enzyme active site, with these stacked over the heme within the P450 active site. From a mechanistic perspective, the crosslinking reaction likely occurs by hydrogen abstraction from the ring closest to the heme iron, with subsequent generation of a radical species in the distal aviolin occurring either via proton coupled electron transfer or electron tunnelling as has been postulated for the crosslinking reaction performed by CYP121 (vide infra). 177 A further interesting note in the investigation of CYP158 enzymes has been their use in mechanistic studies, where the Green group has been able to use these enzymes to investigate the highly reactive intermediates that are found within the P450 active cycle. 
Tetrahydrofuran ring formation -aureothin biosynthesis.
Aureothin is a polyketide metabolite of Streptomyces thioluteus that displays various activities, including antifungal, cytotoxic, and insecticidal activity. Within the biosynthesis of this compound the major mechanistic question concerns the formation of the tetrahydrofuran in the nal product, 178, 179 with comparable processes also implicated in the biosyntheses of avermectin 180 and platensimycin. 181 Several studies have now shown that this moiety is installed by the P450 enzyme AurH, which effectively is able to install two C-O bonds in order to achieve this transformation.
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The reaction mechanism adopted by this P450 has been shown to commence with the specic R-hydroxylation of the C-7 methylene group, with the stereochemistry of this position then maintained in the nal tetrahydrofuran ring. 178 Subsequently, oxidation of the C-9a methyl group occurs together with concomitant production of the tetrahydrofuran ring (Fig. 17C) : the ability of AurH to oxidise C-9a has been demonstrated in vitro, where active site mutants of AurH that prevent oxidation of the more hindered C-7 position then lead to the isolation of C-9a oxidised derivatives not normally identied in the biosynthetic pathway of aureothin, bearing hydroxyl, aldehyde or acid moieties.
182 Alteration of the starting material for AurH by changing the methylation of the precursor has shown that this P450 will perform sequential oxidation at C-7, with resultant electrocyclic formation of the pyran ring in aureopyran.
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Such experiments also show the importance of substrate binding and orientation in P450 enzymes, as in the case of AurH multiple oxidations at C-7 and C-9a are both clearly possible and would lead to complex mixtures of various products if the oxidative cascade was not carefully optimized for the natural 2-step reaction.
3.5.3.4 C-S bond formation -griseoviridin and thiolactomycin biosynthesis. C-S bond formation is a relatively rare P450-catalysed reaction; however, a number of examples have recently been identied including two examples from bacterial PKS (mixed NRPS/PKS) biosynthesis. Griseoviridin is a streptogramin-type antibiotic produced by Streptomyces griseoviridis and contains a bicyclic structure that is formed by a thioether bond between the side chain of the terminal cysteine residue and the double bond of the alkene installed by the second PKS module.
184 A P450 (SgvP) has been implicated in the synthesis of this thioether bridge, 185, 186 with gene disruption experiments showing the essential nature of this P450 in thioether formation (Fig. 17D) . 184 Mechanistically, it remains unclear whether this is a diradical coupling mediated process, proceeds by initial epoxidation of the C2-C3 alkene or perhaps involves a sulfenic acid intermediate, and clarication of this pathway awaits further investigation. 185 The mechanism of C-S bond formation in the mixed NRPS/PKS biosynthesis of thiolactomycin -a thiotetronate antibiotic produced by several strains of Streptomyces and Salinispora -presents an even more complex case.
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Here, the P450 TlmF has been shown to be required for the formation of the ve-membered thiolactone ring present in thiolactomycin. 188, 189 This ring, found at the C-terminus of the molecule, contains a sulfur atom that originates from the side chain of cysteine that is selected and activated by the nal module of the PKS/NRPS. Following this, the exact mechanism by which the sulfur is inserted into the molecule is unclear, although the role of the P450 is believed to centre on the epoxidation of the C4-C5 double bond (Fig. 17D) . Lack of P450 activity leads to an alternate product being produced, in which a six-membered thiolactone ring is formed. Two postulates then have been proposed for the fate of the intermediate epoxide: direct attack of a thiaacid to give the thiolactone; or the intermediate generation of a thiirane that then attacks the PKS bound thioester leading to the formation of thiolactomycin. Whilst further studies are clearly warranted in this highly interesting biosynthetic pathway, some evidence has been gained in support of the thiirane intermediate from the use of synthetic probes which have identied an intermediate that could result from thiirane hydrolysis.
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From these examples, it is clear that the role of P450s within PKS biosynthesis in bacteria can signicantly diverge from what would be considered standard P450 hydroxylation and epoxidation chemistry. Beyond the important implications that such reactions have for potential biotechnological applications, these reactions also serve as a salient reminder for those wishing to assign the roles of P450 identied in PKS biosynthesis clusters in silico to be aware of the chemical diversity that P450s can display and also highlights the importance of testing such hypotheses using experimental techniques.
3.5.4 P450s that accept protein-bound substrates in PKS biosynthesis. Whilst the majority of P450-mediated transformations that have been characterised in PKS biosynthesis occur against free substrates, a proportion of transformations have been demonstrated (or implicated) to occur against substrates which remain bound to ACP-domains within the PKS machinery. One of the most well characterised examples of a P450 that targets an ACP-bound PKS intermediate is CalO2 from calicheamicin biosynthesis: this P450 is responsible for the hydroxylation of the aromatic ring of the orsellinic acid portion of calicheamicin.
191 Evidence for the ACP-bound nature of the substrate for this P450 includes the type-1 binding spectra obtained for this P450 when using N-acetylcysteamide (SNAc) mimics of potential aromatic substrates, along with the tighter binding of these compounds when compared to the aromatic compounds alone.
191 Furthermore, the structural characterisation of CalO2 shows that this enzyme shares the highest homology with BioI, a well characterised fatty acyl-ACP lyase, whilst modelling of ACP docking to CalO2 shows that an ACP-derived linker would t well into the active site of this P450. 191 Care must be taken when comparing CalO2 with other related systems that involve aromatic hydroxylation, however, as not all systems containing a P450 that perform similar oxidation reactions rely on ACP-bound intermediates (for example hydroxylation of the naphthyl group in azinomycin biosynthesis occurs on the substrate free in solution). 192, 193 The biosynthesis of stambomycin also invokes P450 catalysed hydroxylation activity against PKS-bound substrates, with the P450 SamR0479 demonstrated to install the C-50 hydroxyl group required for macrolactonisation at the end of PKSmediated biosynthesis. 194, 195 The installation of the C-28 hydroxyl group by another P450, SamR0478, has also been demonstrated: analysis of shunt pathway intermediates also suggest in this case that the transformation may occur whilst the substrate is in the ACP-bound form. Reconstitution of enzymatic activity in such a case is highly challenging due to the complex nature of the proposed intermediates, which is a common challenge in investigating PKS-biosynthesis. The analysis performed in the case of stambomycin biosynthesis highlights the benets of combining in vivo gene disruption experiments with analysis of 18 O 2 incorporation into such compounds during fermentation, as the latter provides strong proof of P450-mediated hydroxylation activity. 194 Nocardiopsin biosynthesis (mixed NRPS/PKS) § is another example of a P450-mediated transformation of a carrier protein bound intermediate: in this case, the installation of the C6 hydroxyl group required for macrolactonisation of the compound through epoxidation of the C5-C6 double bond by P450 NsnF and § The intermediate postulated to be the substrate of NsnF is strictly bound to a PCP-domain, as the terminal module of the nocardiopsin mixed PKS/NRPS is an NRPS module; however, as the substrate of the P450 is a PKS-portion of the molecule, this compound is included in the PKS section. subsequent hydrolysis of the epoxide by NsnG.
196 As macrolactonisation appears necessary for the cleavage of the compound from the PKS/NRPS assembly line (due to the lack of a terminal thioesterase domain, which is replaced by a condensation domain) this hydroxylation would be expected to be performed whilst the intermediate is bound to the assembly line, although this has yet to be veried via reconstitution of the relevant enzymes. A further example of a ACPbound oxidation by a P450 enzyme has been postulated to occur in the biosynthesis of aurafuron A, where the P450 AufB has been implicated in formation of the furanone moiety.
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This process has been postulated to begin with AufB-catalysed hydroxylation at C2 followed by subsequent oxidation of this intermediate by the monooxygenase AufJ affording a ketone at C2 with concomitant cleavage of the intermediate from the ACP. 197 Lending support to the substrate for AufB being a PKSbound intermediate is the homology AufB has to P450s NikQ and NovI, both of which function against PCP-bound amino acids in NRPS-mediated biosynthesis (vide infra). As with the majority of such P450-mediated reactions that are proposed to occur against PKS-bound intermediates clarication of the role of AufB awaits further experimental analysis.
3.5.5 P450-mediated protein recruitment during PKS modication. One nal role for P450 enzymes within PKS biosynthesis that does not rely upon their ability to perform complex chemistry has been identied in several macrolideproducing bacterial PKS clusters: these systems, rather than performing oxidation chemistry, appear to have been retained as essential interaction partners for recruiting glycosyltransferase enzymes. In the rst characterised example, the activity of the glycosyltransferase DesVII from methymycin/ pikromycin biosynthesis was shown to be dependent upon the presence of DesVIII, which has high sequence homology with P450 enzymes (Fig. 18A) . 198 The DesVIII protein when expressed, however, does not contain a heme cofactor as would be expected from a functionally competent P450, which indicates that the role of this protein is recruitment and not direct catalytic activity. 198 The structural characterisation of a related glycosyltransferase EryCIII/P450-like protein EryCII from erythromycin biosynthesis (Fig. 18B ) not only conrmed the nature of the interaction between the two proteins but in this case could show the effect of modications on the P450-like protein that render it catalytically inactive: in addition to the lack of heme within the enzyme active site, the protein itself has been truncated from the C-terminus to the extent that the terminal helix (that normally contains the axial cysteine ligand for the heme) is completely missing.
199 Thus, these examples show yet again the complexity of assigning likely P450 roles within biosynthetic gene clusters and act as a reminder to keep the complex set of protein-protein interactions in such systems in mind when considering biosynthetic hypotheses.
Peptide biosynthesis pathways
Polypeptides are another major group of secondary metabolites in which P450s are implicated in their biosynthesis. Such peptides can be biosynthesised in a number of ways: in addition to ribosomally synthesised and post-translationally modied peptides (RiPPs), small peptides can be synthesised in a tRNAdependent manner without the involvement of the ribosome, whilst another major class of peptide biosynthesis is performed by non-ribosomal peptide synthetases (NRPS) -megaenzymes that have no reliance on tRNA or the ribosome for peptide synthesis. In all cases, P450s in bacterial biosynthetic pathways play important roles in modifying these peptide natural products.
3.6.1 Ribosomally synthesised and post-translationally modied peptide (RiPP) pathways. Ribosomally synthesised and post-translationally modied peptides (RiPPs) are small peptides in which their biosynthesis starts with a ribosomally generated precursor peptide. Thus, the RiPPs contain only proteinogenic amino acids, although extensive modication to their structure oen leads these peptides to resemble those produced by NRPS machineries. Aer several extensive posttranslational modications, the N-terminal leader sequence is removed and the mature, active peptide is then exported from the bacterial cell. Modications found in RiPP biosynthesis include intramolecular cyclisation such as lanthionine bridgeformation, the introduction of further functional groups into the peptide or epimerisation of amino acid residues. [200] [201] [202] While cytochrome P450 genes are typically common in major secondary metabolite gene clusters, they are fewer examples found in the biosynthesis of bacterial RiPPs (Fig. 19) . Hydroxylation of amino acid residues -a common P450 reaction found in NRPS biosynthesis -is much less common in RiPP pathways, possibly due to the difference in substrates in each case (carrier protein bound amino acid as opposed to complex peptide). One example of hydroxylation of an amino acid residue occurs in microbisporicin biosynthesis, where the P450 MibO appears responsible for dihydroxylation of the Pro14 residue;
203 another example is the hydroxylation of Phe and Ile residues by the P450s TbtJ1 and TbtJ2 in thiomuracin biosynthesis. 204, 205 A more complex example of amino acid oxidation is seen in the biosynthesis of GE37468, in which Ile8 is transformed into a b-methyl-d-hydroxy-proline residue via the actions of P450 GetJ. This reaction would appear to follow the same path as is generally observed for the oxidation of methyl groups into carboxylic acids, although in this case the intermediate aldehyde spontaneously cyclises to generate a hemiaminal.
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Thiostrepton, a complex RiPP, contains two P450s within its gene cluster, with the role of each only recently identied. 207 The enzyme TsrR was shown via gene disruption experiments to be responsible for the dihydroxylation of the Ile10 residue within the linear peptide prior to macrolactamisation. 207 TsrP plays an integral role in the cyclisation of thiostrepton, where it initially epoxidises the quinaldic acid moiety within the linear precursor. The role of this P450 was initially identied by the incorporation of a uorinated quinaldic acid moiety into the peptide, which prevented epoxidation by TsrP and also led to the retention of the leader peptide sequence. 207 Following epoxidation, attack of the epoxide by the amino group of Ile1 then occurs to generate the macrolactam ring, with concomitant loss of the leader peptide and generation of the C-8 hydroxyl group within the quinaldic acid moiety. These P450s are impressive examples of P450-mediated transformations and also serve to highlight the ability of P450 enzymes to selectively modify residues within large peptide substrates. A further example of an unusual P450-mediated transformation in RiPP biosynthesis has been identied in bottromycin biosynthesis: here, the P450 BtmJ has been implicated in the oxidative decarboxylation of the thiazoline ring to generate a thiazole moiety. [208] [209] [210] [211] Furthermore, it would appear that this P450 is selective for the unnatural D-isomer of the preceding aspartic acid residue, which is believed be highly prone to epimerisation. 208 Cytochrome P450s TbtJ1 and TbtJ2 from thiomuracin biosynthesis have also been re-purposed to perform novel, synthetic reactions: Bowers and co-workers were able to demonstrate that suitably modied forms of these P450s could perform selective cyclopropanation of dehydroalanine residues within complex linear and cyclic RiPP cores.
212 This approach demonstrates how P450s can also be engineered to not only provide specicity but also to enable non-standard transformations in complex biosynthetic systems. 3.6.2 Nonribosomal peptide synthesis (NRPS) pathways. In contrast to RiPPs, many peptides from microorganisms are synthesised in a RNA-independent manner by non-ribosomal peptide synthetases (NRPS). Similar to PKS system, NRPS are organised into domains that perform specic enzymatic functions and further into modules, with each module responsible for the incorporation of one specic amino acid into the peptide chain. 213, 214 One module for peptide extension consists of at the very least an adenylation domain (A), a peptidyl-carrier protein (PCP) and a condensation domain (C), with additional modifying domains optional. One of the most important examples of optional NRPS domains are epimerisation (E)-domains, which are responsible for generating the D-congured amino acid residues that are a hallmark of NRPS-produced peptides.
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Aer biosynthesis of the peptide backbone, these molecules are also typically highly modied by, for example, halogenation, acylation, glycosylation or even intramolecular crosslinking.
3.6.2.1 NRPS-bound substrates 3.6.2.1.1 Modication of PCP-bound amino acids. In contrast to the ribosomal synthesised peptides, NRPS machineries are not limited to accepting proteinogenic amino acids, but can also activate and incorporate a wide range of unusual, nonproteinogenic amino acids (Fig. 20) . 215 Furthermore, modied amino acids such as b-hydroxy amino acids have been identied in a number of non-ribosomal peptides, including the vancomycin-type antibiotics (Tyr), 216-219 the aminocoumarincontaining angucycline antibiotics (Tyr; novobiocin, simocyclinone, coumermycin, clorobiocin), 220 echinomycin (plus other compounds that contain the intercalative chromophores quinoxaline-2-carboxylic acid (QXC) or 3-hydroxyquinaldic acid (HQA);
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Trp), 222, 223 zorbamycin (Val) 224 and nikkomycin (His). 225, 226 Common to all these pathways is an NRPS/P450 dependant process for generating these b-hydroxy amino acids for incorporation into the nal natural product. This system comprises a di-domain NRPS module of an adenylation domain and subsequent PCP domain, which is responsible for selecting and activating the requisite amino acid and loading it onto the PCP-domain. This PCP-domain is then recognised by the downstream P450 enzyme, which performs the b-hydroxylation of the tethered amino acid. Subsequently, the modied amino acid can either be hydrolysed by a separate thioesterase domain for selection by separate NRPS machinery (as occurs for example in echinomycin or glycopeptide antibiotic (GPA) biosynthesis (Fig. 21A ) 227 or utilised directly for further modication (as occurs in aminocoumarin biosynthetic pathways).
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The P450 enzymes in these systems recognise the PCP-domain of the di-domain NRPS module rather than the loaded amino acid, with such P450s also maintaining a rigid PCP-binding site that consists of a small number of highly conserved residues, allowing the function of such P450s to be predicted largely on the basis of sequence comparison alone. A similar process is believed to be at play during the biosynthesis of hectochlorin (mixed NRPS/PKS) where the PCP-bound substrates are believed to be 2-oxo-isovaleric acid. 229 An example of a two-step transformation of a PCP-bound amino acid has been suggested to occur in the biosynthesis of the cyclic peptides JBIR-34 and JBIR-35. 230 In this pathway, the di-domain NRPS module FmoA1 presents a tryptophan residue (or chlorinated derivative) to the P450 FmoC, which performs two oxidation reactions; hydroxylation of the indole ring as well as b-hydroxylation.
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Cleavage of the dihydroxylated product would then be performed by the thioesterase FmoB (Fig. 25A) . This dihydroxylation shares similarity to that catalysed by TxtE in thaxtomin A biosynthesis (vide infra), although in the case of FmoC the substrate amino acid is PCP-bound.
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P450-mediated hydroxylation of NRPS-produced peptides can also occur via direct hydroxylation of PCP-bound amino acids during their incorporation into the parent NRP: in the rst identied case -that of skyllamycin biosynthesis 232,233 -P450 sky (CYP163B3) was found to be responsible for the b-hydroxylation of L-Phe, OMe-L-Tyr and L-Leu residues attached to NRPS modules 5, 7 and 11, respectively.
234 P450 selectivity in this system is again based on the PCP domains involved, with tolerance for different amino acids as substrates when these were loaded onto PCP domains that are recognised by this P450. [234] [235] [236] A further example of this amino acid hydroxylation strategy has been identied in telomycin biosynthesis, in which the P450 enzyme Tem23 hydroxylates the Leu-10 residue during NRPS-mediated biosynthesis of the peptide. 237 A related strategy to this has also been invoked in hydroxylation of a PCP-bound threonine residue during actinomycin G biosynthesis, although in this case it appears as though there is a relationship between the P450 (AcmG8) and a halogenase that modies the same position (AcmG9) that needs further clarication.
238 A potential modication of this strategy of targeting PCP-bound amino acids has been identied in the biosynthesis of the mixed NRPS/PKS a,b-epoxyketone proteasome inhibitor TMC-86A. 239 In this case, evidence suggests that P450 TmcK introduces a double bond into the side chain of Leu-2 aer the amino acid is PCP-bound, with further experiments no doubt required to probe this unusual PCP-bound transformation. 3.6.2.1.2 Phenolic coupling of PCP-bound peptides. In addition to the relatively common P450-catalysed b-hydroxylation of PCP-bound amino acids, one further major class of P450-mediated transformations against PCP-bound substrates is the oxidative crosslinking of aromatic side chains within PCPbound NRPS peptides. The most well-known compound class that exhibits multiple aromatic crosslinks that are installed by P450 enzymes are the glycopeptide antibiotics (GPAs), which include the representative examples vancomycin and teicoplanin. [240] [241] [242] [243] The intramolecular cyclisation reactions catalysed by cytochrome P450 enzymes lead to a specic tertiary structure able to bind to the terminal D-Ala-D-Ala motif of the bacterial cell wall precursor lipid II and thereby blocking cell growth. As last-line antibiotics, they are the major treatment against multiresistant gram-positive pathogens like methicillin-resistant Staphylococcus aureus (MRSA). In these NRPS-biosynthesised heptapeptides, the three (vancomycin-type) or four (teicoplanin-type) crosslinks have been demonstrated to be inserted in vivo by cytochrome P450 enzymes, with each ring installed by a specic P450. [244] [245] [246] [247] [248] Furthermore, gene disruption experiments determined that a specic order of ring installation occurs during GPA biosynthesis (Fig. 21B) . Ring insertion commences with generation of the C-O-D ring by OxyB, with subsequent activity of the optional OxyE enzyme (installing the teicoplanin-type F-O-G ring) and the essential OxyA enzyme (installing the D-O-E ring), before terminating with insertion of the AB crosslink that is catalysed by OxyC. [244] [245] [246] [247] [248] [249] These experiments also led to the hypothesis that the crosslinking performed by these P450 enzymes was likely to occur against NRPS bound (i.e. PCP-bound) peptides, which was conrmed for the OxyB enzyme from vancomycin biosynthesis by the work of Robinson and co-workers. [250] [251] [252] More recent work has shown that the process of P450 recruitment to the NRPS-bound peptide is more complicated than is the case for PCP-bound amino acids, with GPA biosynthesis relying on the X-domain, a conserved (albeit modied) condensation domain found between the PCP 253 and TE-domains in the nal NRPS module. 243, [254] [255] [256] [257] The X-domain has an interaction interface that specically binds to the Oxy enzymes, with these continually binding to and releasing from the X-domain to ensure that complete crosslinking of the peptide occurs. 254 The X-domain is also required in the majority of cases to support efficient P450-catalysed crosslinking in vitro, with this requirement strictly enforced for OxyA and OxyE that act aer OxyB. 243, 255, 256, [258] [259] [260] [261] [262] [263] Complestatin 264 and kistamicin 265 are structurally similar to GPAs, and also display several oxidative crosslinks whose generation has been ascribed to P450 enzymes, i.e. NRPS-bound modication with X-domain mediated P450 recruitment. The initial ring inserted in complestatin is the equivalent of the GPA C-O-D ring and is performed by the P450 enzyme ComJ, with the C-C bond formed between and Trp and Hpg residues in complestatin installed by P450 enzyme ComI. 266, 267 Kistamicin is similar in structure to complestatin although it contains an additional A-O-B ring: curiously, only two P450 enzymes were identied in the kistamicin gene cluster, implying a dual role for one of these P450 enzymes. 265 Another example of a P450-mediated crosslinking of aromatic side chains within a peptide is found in arylomycin biosynthesis, in which a C-C bond is formed between the Hpg-4 and Tyr-6 residues whilst the peptide remains bound to the NRPS. 268, 269 Here, there is no X-domain identied in the NRPS machinery, presumably due to the single P450-catalysed modication occurring in this case.
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3.6.2.2 Peptide modication. P450-catalysed modication of peptides within NRPS pathways have also been identied in numerous systems (Fig. 22) , some of which share similarities with those identied in RiPP pathways.
3.6.2.2.1 Peptide hydroxylation -TMC-86A biosynthesis. The archetypal P450-catalysed reaction -the selective hydroxylation of unactivated C-H bonds -has also been identied in the modication of NRPS-produced peptides that occurs aer cleavage of the peptide chain from the NRPS machinery (see also himastatin, vide infra). 270, 271 An example of this chemistry is found in the biosynthesis of the a,b-epoxyketone proteasome inhibitor TMC-86A (a mixed NRPS/PKS pathway), in which the P450 enzyme TmcI performs the hydroxylation of the methyl group adjacent to the epoxy moiety in this compound. 239 The biosynthesis of the related compound eponemycin also contains a homologous P450 that is believed to perform the analogous reaction; such a P450 is absent in the epoxomicin gene cluster that lacks this hydroxyl group. 3.6.2.2.2 Introduction of double bonds -WS9326A biosynthesis. The P450 Sas16 is proposed to be involved in the biosynthesis of the (E)-2,3-dehydrotyrosine residue found in WS9326A and its derivatives (Fig. 22) . 273 The deletion of the gene led to mutants producing a derivative containing a standard tyrosine residue without the double bond. The exact nature of the substrate of Sas16, for example whether it accepts on free tyrosine or PCP-bound intermediates thereof, requires further investigation. 273 3.6.2.2.3 Aromatic nitration -rufomycin biosynthesis. One of the more unusual examples of a P450-catalysed transformation is the nitration of aromatic rings, which was initially identied in thaxtomin A biosynthesis in the nitration of a tryptophan residue (vide infra) 274 and has now also been reported in the nitration of a tyrosine residue in rufomycin biosynthesis. 275 A cyclic heptapeptide, rufomycin contains a number of unusual amino acid building blocks, with two -3-nitrotyrosine and trans 2-crotylglycine -utilising P450s in their formation. 3-Nitrotyrosine is formed by the P450 RufO using nitric oxide that is formed by the neighbouring RufN nitric oxide synthase and is believed to occur prior to the amino acid being selected and activated by the NRPS machinery (Fig. 23A) . 275 Incidentally, two further P450s have also been implicated in oxidative transformations of the cyclic rufomycin peptide, which include the epoxidation of the N-dimethylallyltryptophan residue and the multistep oxidation of a Leu-5 methyl group into a carboxylic acid moiety. unusual NRPS-catalysed reactions, 277, 278 an atypical SAM transferase 279 and a cytochrome P450, which has been shown to perform the oxidative transformation of the amino group of the N-terminal Hpg moiety into an oxime. 280 The P450 in question, NocL, has been shown to perform this transformation in vitro, with the reaction presumably following a two-step mechanism that begins with the hydroxylation of nocardicin C to 2 0 -N-hydroxy-nocardicin C. A second hydroxylation to afford 2 0 -N,N-dihydroxy-nocardicin C is hypothesised to then be followed by dehydration to afford a nitroso species that then tautomerises to provide the oxime of nocardicin A (Fig. 23B) .
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This transformation is analogous to the CYP79 catalysed formation of oximes from amino acids in plants, except that in this case it is coupled decarboxylation-dehydration that leads to the nitroso intermediate. 281 Heteroatom oxidation by P450 enzymes has been widely reported, 12 and although such reactions are oen found in xenobiotic metabolism, NocL serves as an important reminder that the role of P450s in heteroatom oxidation during secondary metabolism cannot be discounted.
3.6.2.2.5 Heterocyclic ring formation. P450 activity that generates bonds between heteroatoms and aryl groups within peptides is well known from P450s that interact directly with NRPS-bound peptides, such as occurs in GPA biosynthesis. This type of chemistry has also been identied in the biosynthesis of some examples of peptides produced NRPS machineries. In salinamide A biosynthesis (strictly a mixed NRPS/PKS), the P450 Sln10 is hypothesised to generate the linkage between the phenol of the 4-hydroxyphenylglycine residue and the (4- methylhexa-2,4,-dienoyl)glycine moiety.
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The crosslinking reaction also leads to the generation of an epoxide group that includes the 4-methyl group of the (4-methylhexa-2,4,-dienoyl) glycine moiety, which indicates that this may be the initial site of oxidation by this P450.
282 C-N bond formation to generate a new heterocycle has also been identied in the biosynthesis of lyngbyatoxin. 283, 284 In this case, P450 LtxB has been shown to perform the N-alkylation of the side chain of the Trp-2 residue using the methylated amine group of the Val-1 residue. This reaction has been reconstituted in vitro, and this has shown that there is signicant exibility in the substrate selectivity of this P450, meaning that the valine residue can be exchanged for related amino acid residues with little effect on activity. 284 Mechanistically, this reaction has been postulated to include an intermediate epoxide species that -following attack of the valine amine group -undergoes dehydration to rearomatise the indole ring. One of the most interesting collections of P450s in NRPSmediated peptide biosynthesis are those involved in himastatin formation; these also display the biosynthetic potential of these enzymes. In this pathway (Fig. 23C) , three P450s (HmtN, HmtS and HmtT) play vital and yet highly different roles in the biogenesis of himastatin, a symmetrical dimeric cyclohexadepsipeptide antibiotic. 270, 271 The rst P450 to act in this pathway is HmtT, which generates hexahydropyrroloindole from the Trp-6 residue in the cyclic hexadepsipeptide precursor, a reaction that has similarities to that of LtxB (vide supra) in lyngbyatoxin biosynthesis 283, 284 and has been suggested to occur via epoxidation of the indole ring of the tryptophan moiety.
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The second P450, HmtN, subsequently performs a more standard -albeit still impressive -selective hydroxylation of the cyclic hexadepsipeptide precursor to produce the g-hydroxy moiety of the 3-piperazine residue. 270, 271 Finally, HmtS then performs the symmetrical biaryl coupling of two cyclic hexadepsipeptide precursors via their hexahydropyrroloindole moieties, 270 a reaction with parallels to these found in aviolin and GPA biosynthesis. 175, 243 The examples of the diversity of reactions displayed not only within himastatin biosynthesis but within all NRPS-biosynthetic pathways discussed here shown how important P450s are in the production of diverse secondary metabolites, and also gives an indication of the diversity of roles that should be considered when assigning potential roles to P450 enzymes in newly identied examples of such biosynthetic gene clusters.
3.6.3 Diketopiperazine (DKP) biosynthesis. Another subgroup of peptide-related secondary metabolites are diketopiperazines (DKPs) and their derivatives. The heterocyclic core of 2,5-diketopiperazines results from the condensation of two a-amino acids catalysed by either an NRPS pathway or by the action of tRNA-dependent cyclodipeptide synthases (CDPS). Whilst the DKP subunit forms an integral part of several secondary metabolites isolated from fungi, there are relatively few described from bacterial species.
3.6.3.1 tRNA-dependent DKP biosynthesis pathways. The tRNA-dependent cyclodipeptide synthases (CDPS) use aminoacyl-tRNAs instead of the AMP-activated amino acids that are generated during in NRPS-mediated biosynthesis. 285 Thus, the CDPS pathway connects primary and secondary metabolism by "hijacking" aminoacyl-tRNAs, with the result that their substrate selection is restricted to natural proteinogenic amino acids. Following condensation and cyclisation of two amino acids, the cyclic dipeptide can also undergo further modica-tions, several of which have been identied to be performed by cytochrome P450s. One example from Bacillus subtilis is the biosynthesis of pulcherrimin, which is involved in iron chelation. Commencing from cyclo(L-Leu-L-Leu), the P450 CypX performs a series of sequential oxidation reactions on the DKP ring itself, resulting in the formation of pulcherriminic acid in which both nitrogen atoms have been oxidised to N-oxides and the DKP ring itself has been aromatised. 286 Chelation with iron then affords the nal red pigment pulcherrimin (Fig. 24A) . Mycocyclosin is another example of a P450-modied bacterial DKP that is produced by M. tuberculosis: following the synthesis of cyclo(L-Tyr-L-Tyr), Cyp121 performs an oxidative C-C coupling of the two aromatic side chains to generate mycocyclosin (Fig. 24B) . 287 Given the essential nature of CYP121 to the survival of M. tuberculosis, 288 this P450 has been extensively characterised by a number of groups, which have afforded structural, biochemical and mechanistic insights into the function of this P450. [289] [290] [291] Mechanistically, the formation of the C-C bond (similar to aviolin) has been postulated to occur either by via proton coupled electron transfer or electron tunnelling between the two aromatic rings, 177, 292 which is a needed to avoid having to completely re-orient the substrate within the active site during catalysis, which was an early mechanistic postulate in this case. 287 One of the more impressive series of transformations reported to occur during bacterial DKP synthesis is found in the biosynthesis of bicyclomycin. 293, 294 In this pathway, the initial cyclo(L-Leu-L-Ile) DKP undergoes six oxidation events (catalysed by ve a-ketoglutarate/Fe 2+ -dependant dioxygenases (BcmB/C/E/F/G) and one cytochrome P450 (BcmD)) to afford the nal, bicyclic structure of bicyclomycin. Within this pathway, the BcmD has been identied as carrying out the penultimate oxidation reaction, which affords hydroxylation of the C6 position of the DKP ring (Fig. 24C) . 294 Thus, DKP-modication by cytochrome P450s -whilst relatively rare in bacteria -provides several examples of novel P450-catalysed transformations and such transformations should always be considered when P450s are identied in close proximity to a cyclodipeptide synthase.
3.6.3.2 NRPS-dependent DKP biosynthesis pathways. NRPS systems are also able to synthesise cyclic dipeptides, either as the primary function of the NRPS (such as in thaxtomin A biosynthesis) or as a shunt product produced by the spontaneous generation of a DKP from a PCP-bound dipeptide. DKP biosynthesis by NRPSs is relatively rare, with the NRPS machineries responsible for producing such DKP producing peptides containing a specic condensation domain to catalyse the formation of the DKP ring. 231, 295, 296 Whilst not a biosynthetic reaction as such, the production of DKPs via spontaneous cyclisation has proved to be most useful in the in vitro characterisation of complex NRPS machineries, as it allows the initial two modules of an NRPS to be used as a standalone catalytic system without the requirement to reconstitute the entire NRPS.
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Thaxtomin A, a DKP natural product produced by a two module NRPS machinery from several species of Streptomyces, contains two P450 enzymes within the biosynthetic cluster (TxtC and TxtE) that both represent intriguing examples of P450-mediated transformations (Fig. 25B) . TxtC has been implicated in the installation of two hydroxyl groups on the thaxtomin D precursor, with the rst reaction occurring at the a-carbon of the phenylalanine residue and a subsequent aromatic hydroxylation of the aromatic ring generating thaxtomin A.
231
Whilst multistep transformations are somewhat common in P450s, this example is intriguing due to the differing reactivities and positions of the two hydroxylation sites, which surely warrants further characterisation of this P450. The second P450, TxtE, 274, 301 performs an even more intriguing transformation: the regiospecic 4-nitration of the indolyl moiety of L-tryptophan. 274 Subsequent studies have also shown that TxtE has tolerance for certain alternate substrates. 302 This reaction has been shown to require NO (generated by TxtD from arginine) and O 2 in addition to L-Trp, with electrons provided by a competent redox partner system from NAD(P)H (e.g. spinach Fdx/FdR) in order to generate a ferric peroxynitrite species as the reactive intermediate. 274 This reaction has similarities to that performed by RufO in the nitration of tyrosine during rufomycin biosynthesis (Fig. 23A) , 275 and demonstrates yet again the breadth of the catalytic repertoire of cytochrome P450s within secondary metabolism pathways.
Conclusions
P450 enzymes clearly play a major role in biosynthetic pathways in many bacteria. Although these P450 enzymes all belong to the same superfamily of heme-containing monooxygenases, they are able to catalyse a huge range of different reactions and in doing so provide bacteria with the access to a great variety of different secondary metabolite with altered bioactivities. The diversity of substrates of the P450s found in bacteria also serves as a testament to the impressive ability of P450s to perform diverse, challenging chemistry against a wide range of substrates and yet to do so with selectivity and specicity that is the envy of an organic chemist. The future application of such P450s as specic biocatalysts remains bright, whilst the examples discussed in this review have also demonstrated that there are undoubtedly new examples of bacterial P450 diversity still awaiting discovery within bacterial biosynthesis pathways.
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